Identifying the ligand-binding site in the three-dimensional (3D) structure of a target protein is a starting point for the rational design of therapeutic agents. Many procedures have been developed for the detection of binding sites in protein 3D structures. These are divided into two types of algorithms: those based on geometrical cavity detection in a protein, and those based on the detection of interaction points on a protein. The first type includes a surface method (MS), 2, 3) grid-surface methods (Cavity Search 4) and VOIDOO, 5) ) alpha-shape methods derived from the Voronoi diagram (CAST 6) and VOLBL 7) ), a layer method using a probe (PASS), 8) and a mapping method using the hydrophobic groups on a protein surface. 9) These procedures are often unable to detect binding sites close to the protein surface or to identify more open binding sites. The second type includes the detection of interaction points by a probe using grid searching methods , DOCK [14] [15] [16] , QSiteFinder 17) and SiteMap 18) ) and a random searching method (MCSS). [19] [20] [21] [22] These procedures used several probes (methane, water, etc.) to detect pockets on a protein, and then evaluated likelihoods of the binding site with detected pockets by physical or empirical functions (van der Waals, electrostatic, hydrogen-bonding, etc.). However, because the functions of these interactions are short range, the representation of a binding site on a protein is discrete and does not correspond to the whole binding site.
grid-surface methods (Cavity Search 4) and VOIDOO, 5) ) alpha-shape methods derived from the Voronoi diagram (CAST 6) and VOLBL 7) ), a layer method using a probe (PASS), 8) and a mapping method using the hydrophobic groups on a protein surface. 9) These procedures are often unable to detect binding sites close to the protein surface or to identify more open binding sites. The second type includes the detection of interaction points by a probe using grid searching methods (GRID [10] [11] [12] [13] , DOCK [14] [15] [16] , QSiteFinder 17) and SiteMap 18) ) and a random searching method (MCSS). [19] [20] [21] [22] These procedures used several probes (methane, water, etc.) to detect pockets on a protein, and then evaluated likelihoods of the binding site with detected pockets by physical or empirical functions (van der Waals, electrostatic, hydrogen-bonding, etc.). However, because the functions of these interactions are short range, the representation of a binding site on a protein is discrete and does not correspond to the whole binding site.
Hydrophobicity is a key parameter for understanding drug activity 23, 24) ; however, it has rarely been used in the identification of binding sites, because it is difficult to define. Hydrophobicity is usually measured and reported as a log P value, where P is the partition coefficient of the molecules in octanol/water. However, the dependency of the hydrophobic interaction on distance has remained unknown, and it has therefore been approximated by various functions of distance. Hydrophobic-potential functions that use lipophilic constants based on log P are known as molecular lipophilicity potentials (MLPs). [25] [26] [27] [28] [29] [30] [31] [32] [33] Audry's first MLP was based on a hyperbolic distance function, Eq. 1. 25, 26) MLPϭf i f j /(1ϩd ij ) (1) Here 
Kellogg et al. proposed HINT (Hydrophobic INTeractions) function which is atom-based, Eq. 3.
29-32)
MLPϭs i a i s j a j exp(Ϫd ij )
Here, hydrophobic atom constants, a i and a j , are multiplied by the solvent-accessible surface area of each atom, s i and s j . Gaillard et al. introduced the decay length of 2 Å into an exponential function, Eq. 4.
33)
MLPϭf i f j exp(Ϫd ij /2)
All of MLPs were fitted to the log P values of compounds on the assumption that they were situated in contact positions or associated positions. Therefore, the short decay length was calculated as 1 or 2 Å (Eqs. 2-4). Israelachvili and Pashley measured the hydrophobic interaction between two monolayer-coated mica surfaces in aqueous solutions, and approximated the results using the exponential expression shown in Eqs. 5a-c. 34 )
Here, DG H is the pair hydrophobic interaction free energy. According to this equation, the lower the hydrophobic free energy, the stronger the hydrophobicity. Using a monolayer of the surfactant hexadecyl-trimethyl-ammonium bromide, Cϭ0.20 kcal mol Ϫ1 Å Ϫ1 and the decay length of D 0 ϭ10 Å. The D ij is the minimum distance between the surfaces of the spheres, d ij is the distance between the centres of the spheres, and R i and R j are the radii of two interacting spheres. The unit of energy is kcal/mol, and the unit of length is Å. The decay length is more than 10 Å (e.g., 175 Å for the another surfactant dimethyl-dioctadecyl-ammonium bromide), [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] and is much longer than that of the MLPs (1 or 2 Å). Thus, because long-range hydrophobic effects play important roles in macromolecules, Eq. 5 is more appropriate for detecting the ligand-binding sites of proteins.
Here we developed new programs, HydrophoBicity On a Protein (HBOP)/HydrophoBic SITE (HBSITE), in order to identify the binding site in a protein using the only hydrophobic-interaction function proposed by Israelachvili and Pashley. 34) We tested our method on 26 proteins (72 protein-ligand complexes), the 3D structures of which were experimentally determined.
MATERIALS AND METHODS

Construction of a Test Set
To test our method, we needed datasets of protein-ligand complexes for which the binding geometry was reliable. We thus decided to use a test set constructed from 26 proteins (72 complexes), which were selected from Eldridge's datasets 44) because they were as different as possible from each other, with the exception of immunoglobulins. The Protein Data Bank (PDB) identification (ID) codes of these complexes are shown in Table 1 .
For cathepsin D and thrombin, both the light and the heavy chains were treated, the human immunodeficiency virus-1 (HIV-1) protease was a homodimer, and all other proteins were monomers. Initially, all additional molecules (such as ligands, cofactors, water, and ions) were deleted. The original positions of the missing atoms in the PDB structure and the hydrogen atoms were then generated by SYBYL 6.8.1. 45) Only the missing atoms and the hydrogen atoms were minimized using SYBYL with the convergence criterion for the energy gradient of 0.05 kcal mol Ϫ1 Å
Ϫ1
. The minimizations used the AMBER 1986 force field and the predefined atomic charges of the amino acids. 46, 47) The cut-off distance for the non-bonded interactions was 10 Å. A distance-dependent dielectric constant of 4r was used.
Finding the Binding Site The calculations were performed using our new program, HBOP. The grid points of a lattice were generated around the protein surface (Fig. 1a) . The thickness of the lattice was 10 Å, and the grid spacing was 1 Å. The grid points were removed if the probe spheres on them impacted with the protein surface, and then the isolated grid points without adjoining points were eliminated. The hydrophobic free energy at each grid point was estimated using the pair interaction free energy function determined mechanically by Israelachvili and Pashley, Eq. 6.
34)
R i and R j were the radii of the carbon atom of the protein and the probe on the grid point, respectively. The probe was the sp 3 carbon atom, and R j was equal to 1.52 Å. d ij is the distance between the center of the carbon atom of the protein and the grid point. The hydrophobic potential was calculated using only the carbon atoms, with the exception of the amide carbon, of hydrophobic residues (Gly, Ala, Val, Leu, Ile, Met, Trp, Phe, and Pro). Because the magnitude of the hydrophobic interaction is increased with increasing hydrophobicity on the surface 36, 37) and reduced with increasing electrolyte concentration, 37, 39, 40, 43) we used only hydrophobic residues to calculate. No cut-off was used in the calculation of the hydrophobic energy. The radii of the carbon atoms implemented in SYBYL 6.8.1 were used by the program. The grid points were divided into 20 levels by 5% of (DG H max ϪDG H min ), where DG H min was the minimum hydrophobic energy in the system and DG H max was the maximum. The 20 levels were ranked from the most hydrophobic (designated as HB1) to the least hydrophobic (designated as HB20). The hydrophobic site was determined as the region that consisted of grid points with DG H values that fulfilled the empirically derived condition DG H min ՅDG H Յ(0.7DG H min ϩ0.3DG H max )-that is, grid points with hydrophobic levels ranging from HB1 to HB6 (Fig. 1b) .
Using a utility program for grid-clustering, HBSITE, with a clustering radius of 1.1 Å, clusters with volumes larger than or equal to 10 Å 3 (10 grid points) were adopted as candidates for the binding site (Fig. 1c ). However, a lower limit for triose phosphate isomerase of 3 Å 3 was used, because the ligand was relatively small. HBOP Software The HBOP program requires a protein file with a Tripos Mol2 file format, and a radius file with a text file format. For the protein, hydrogen atoms need to be added, and all other molecules (such as ligands, cofactors, water, and ions) need to be deleted. If other molecules (without the three-letter codes of the usual amino-acid residues) are included in a protein file, then the carbon atoms of the molecule are not used for the calculation. A radius file defines the radius for each Tripos atom type. The HBOP outputs two files: a grid file and a potential file. The grid file contains the coordinates of the grid points in order of their hydrophobic potential, and is written in a Tripos Mol2 file format. The grid points are grouped into 20 hydrophobic levels (ranging from HB1 to HB20), and are denoted by SYBYL colors (HB1 to HB6 are colored red, orange, yellow, green, cyan, and violet, respectively). The potential file contains the hydrophobic potential value at each grid point presented in the same order as the grid file, and is in a text file format. The HBOP is written in Fortran 90/95. The supported operating systems (OSs) are SGI IRIX, Red Hat Linux, and Apple Mac OS X. Molecular graphic software capable of reading the Tripos Mol2 file format (such as SYBYL or VMD 48, 49) ) is required for visualization. HBSITE is a utility program for grid clustering, which reads the grid file as the output of the HBOP. HBSITE uses three parameters: the lowest hydrophobic level (low HB ), the radius of grid clustering (r grid ), and the minimum volume (min vol ; that is, the number of grid points). The default values are HB6, 1.1 Å (which is slightly larger than the default value of grid spacing), and 10 grid points, respectively. When the clustering radius is inputted manually, 0.1 Å is added to the value automatically. Before the clustering, the grid points with hydrophobic levels less than low HB are rejected. If a distance between two grid points is within r grid , the points are assigned to the same cluster. The grid points are then divided into clusters, and isolated grid points are eliminated. After the clustering, those with volumes larger than or equal to the min vol remain. HBSITE then outputs a new grid file that contains only the grid points that belong to the clusters.
RESULTS AND DISCUSSION
When most of the ligand molecule in the experimental structure overlapped the cluster of grid points detected by HBOP/HBSITE, we considered our method to have successfully detected the binding site. The results are shown in Table  2 . Our programs successfully detected the binding sites in all 26 proteins (72 complexes) using the only hydrophobic function. The ligand molecules were bound to the most hydrophobic regions in the most hydrophobic sites on all of proteins, with the exceptions of glutamine synthetase and the neuraminidase from the influenza virus B (that is, in 24 out of 26 proteins, and in 69 out of 72 complexes). It is agreement with the fact that the hydrophobic surface in the binding site is more exposed than that of the other site on a protein.
9,50-52) That is, the rate of occurrence of hydrophobic amino acids at the binding site is relatively high. 51) When only one hydrophobic site was detected, the ligand occupied the most hydrophobic (red-orange) region in the site (Fig. 2) . When a few hydrophobic sites existed on a protein, the ligand was bound to the most hydrophobic site, and occupied the most hydrophobic region on the binding site (Fig. 3) . However, for glutamine synthetase (1LGR), and neuraminidases from influenza virus B (1NSC and 1NSD) , the ligand molecules were bound to the secondary hydrophobic site. The biological unit of glutamine synthetase from bacteria is a dodecamer.
53) The most hydrophobic site was the interface between monomers, which was the binding site not for the small molecule but rather for the peptide chain (Fig.  4) . In other words, the most hydrophobic site of glutamine synthetase was not useful for drug design. Thus, in the case of multimeric proteins, not only the most hydrophobic site but also some other sites appeared to be important for drug design. By contrast, influenza neuraminidase is a monomeric protein. For the neuraminidase from influenza virus A (Fig.  5) , 1NNB, HBOP detected only upper hydrophobic sites containing the binding site. However, HBOP found new lower hydrophobic sites for the neuraminidase from influenza virus B (Fig. 6) , where the secondary site was the binding site (the upper site). The similarity between the neuraminidases of influenza virus A and influenza virus B was low (sequence identityϭ30.8%). Numerous mutations in the neuraminidases of these influenza viruses might be responsible for the discrepancies in site detection.
HBOP was used to examine the effects of fluctuations in protein structures caused by different ligands bound to the same site and by mutations, using different structures for the same proteins (Table 3) . With the exception of neuraminidase, this method was able to detect the binding site despite structural differences ranging from 0.11 Å (thermolysin, 1TLP versus 2TMN) to 2.42 Å (thrombin, 1ETR versus 1ETS) of the root-mean-square deviations (RMSDs) of the main chain. We thus considered HBOP to be relatively stable to fluctuations and mutations.
Our findings revealed that even glucose, which has many hydrogen-bonding functional groups, bound to the most hydrophobic site on the protein (Fig. 3) . In Table 2 , HBOP successfully detected the binding sites on all 5 sugar binding proteins. This could be explained based on the fact that glucose is more hydrophobic than water itself. Firstly, a ligand reaches a binding site by diffusion, and water molecules are excluded from the binding site. 54) The complex might be stabilized by entropy gains of the release of bound water molecules, which is the origin of the hydrophobic effect. 55) Part of the entropy gains of the release of bound water molecules could compensate for the entropy losses of the ligand and protein associated with ligand binding. In addition, the enthalpy gains of undirected van der Waals interactions between the ligand and the protein might contribute to the stabilization of the complex. Secondly, the ligand is anchored by electrostatic interactions and hydrogen bonds. The formation of hydrogen bonds and electrostatic interactions out of contact with water is an energetically favorable process. 56) Viewed from the perspective of continuum electrostatics, the environment of the binding site becomes less dielectric as it becomes more hydrophobic. Therefore, the electrostatic interactions and hydrogen bonds are strengthened.
For the majority of the proteins tested, the ligand occupied the most hydrophobic region of the binding site (Table 2) . This supported the notion that the ligand interacts with the hydrophobic surface on the binding site of a protein. 9, [50] [51] [52] Hydrophobic-induced acid-dissociation constant (pK a ) shifts of catalytic residues are important for enzyme activities. 57, 58) In fact, the catalytic residues, Asp-25 and Asp-25Ј of the 1556 Vol. 31, No. 8 HIV-1 protease were located in the most hydrophobic region of the binding site (Fig. 2) . This implies that the grid points generated by HBOP can be used to define a spatial query of the hydrophobic effect for computational docking.
The assembly of a multimeric protein is the next challenge for predictive methods of the 3D structure of proteins. 59, 60) It is difficult to determine whether one protein associates with another, and to identify the interfaces of the proteins. Hydrophobic interactions have also been reported to be important for protein-protein binding. 61, 62) In the case of glutamine synthetase, HBOP was able to detect the interface between monomers (Fig. 4) . Therefore, it might be useful as a prediction tool for protein-protein complexes.
We developed and tested a new method, HBOP, for determining the binding site of a protein using the long-range hydrophobic potential as defined by Israelachvili and Pashley. The importance of the hydrophobic interaction in ligandprotein binding was confirmed by our results. This method is a useful tool for structure-based drug design and the in silico screening of compounds. HBOP will be more extensively evaluated and compared with other methods in our next paper. 
